Temperature plays crucial roles in nanotechnology and biological processes. The importance of temperature in such fields has fueled interest in the development of thermometers working at the nanosized scale and with high spatial resolution.
1
The nanothermometers based on Luminescent temperature-sensitive nanomaterials has become one of the most promising nanothermometers, owing to thier simplicity, noninvasiveness, high spatial and temporal resolution, and the ability to work even in biological fluids, strong electromagnetic fields and fast-moving objects.
2 The conventional Luminescence-based thermometry is mainly rely on the temperature-dependent fluorescence intensity of one transition, which accuracy is susceptible to error introduced by optical occlusion, concentration inhomogeneities, excitation power fluctuations, or environment-induced nonradiative relaxation. Ratiometric detection based on the intensity ratio of two independent emission of the same phosphor can circumvent these complications and give rise to more accurate self-referencing thermal sensing, thus is gaining popularity. A variety of ratiometric luminescent nanothermometers has been developed, such as organic dyes, , while the two emissions exhibited completely opposite thermal dependence and therefore allowing for ratiometric thermometry. Since then, several ratiometric luminescent thermometers have been prepared by employing the mixed lanthanide MOF approach. 8 However, these ratiometric thermometers are not at the nanometer scale, which heavily hampers their applications in nanotechnology and biomedicine. It is thus very desirable to tailor the thermometer into nanoscale. Unfortunately, the rational design and synthesis of desired nanosized mixed lanthanide MOFs for luminescent nanothermometers remains a great challenge. Until very recently, Carlos et al. reported the first ratiometric optical MOF nanothermometer (Tb 0.99 Eu 0.01 (BDC) 1.5 (H 2 O) 2 ) operative in the physiological temperature range (300-320 K), which represents an important step forward in the fabrication of nanosized MOF thermometer. 9 However, This material shows a poor sensitivity of 0.14 % °C -1 . In this contribution, we demonstrate a facile yet versatile postsynthetic approach to generate ratiometric luminescent nanothermometers with significantly enhanced sensitivities based on nanosized MOFs bearing the open bipyridine sites. Compared with the existing mixed lanthanide MOF approach for fabricating MOF nanothermometers, this strategy can circumvent the great challenge of the rational design and synthesis of nanoscale mixed lanthanide MOFs. Therefore, it represents a general yet versatile strategy and enables a broad range of the existing nanoscale MOFs for nanothermometers preparation. To illustrate our strategy, a MIL type MOF, In(OH)(bpydc) (bpydc = 2,2'-bipyridine-5,5'-dicarboxylic acid) was synthesized for proof of principle. The synthesis of In(OH)(bpydc) was accomplished in the direct analogy with the MOF-253. 10 Reaction of In(NO 3 ) 3 with H 2 bpcdy in DMF at 150 °C for 48 h resulted a white solid. The solid was then activated by Soxhlet extraction in acetonitrile and dried under vacuum overnight to yield the fully desolvated In(OH)(bpydc) (1). Powder X-ray diffraction (PXRD) study ( Figure 1a) showed framework 1 to be isostructural with framework Al(OH)(bpydc) (known as MOF-253). Pawley refinement of the PXRD data resulted in refined orthorhombic unit cell parameters of a = 22.44 Å, b = 6.68 Å, and c = 18.68 Å. On the basis of the refinement, it is clear that the structure of 1 is built up from chains of trans µ-OH corner-sharing InO 6 -octahedra which are interconnected by bpydc 2-ligands to form a three dimension framework with rhombic channels (Figure 1b ). The crystal model of the structure is constructed by replacing Al 3+ cations of MOF-253 with In
3+
. It is noteworthy that the bipyridyl moieties were incorporated as free Lewis basic sites, thus allowing insertion of lanthanide cations within 1. TEM study indicated that the asobtained product is in the nanoscale range (40-140 nm) consisting of irregularly shaped nanoplates ( Figure 1c ). (Table S1 , 2). The Ln 3+ loaded samples maintain the integrity of the framework and nanoplate-morphology of 1, as confirmed by PXRD and TEM measurements ( Figure S1 ). Thermogravimetric analysis ( Figure S2 ) showed these Ln 3+ @1 products to exhibit weight losses at 120 °C, which correspond to the adsorbed water molecules. No additional loss occurred up to 400 °C. , yellow), which can be readily observed by naked eye as a qualitative indication of lanthanide sensitization (Figure 2b) . 11 In addition, the long Ln 3+ lifetimes and high quantum yields (Table 1) of these samples supports the efficient energy transfer from the sensitizer embedded in framework 1 to the Ln 3+ cations, as well as they can utilized as excellent candidates for luminescent sensors. To evaluate the potential of Ln 3+ @1 materials in temperature sensing, the temperature-dependent luminescence spectra and lifetimes of Ln 3+ @1 were performed. As presented in Figure S3 and Figure S4, Figure 3a ). When the temperature increased from 10 to 60 °C, Tb 3+ emission exhibited a much more decrease of 60%, as compared to 33% for Tb 3+ @1 (Figure 3b) . Simultaneously, the Eu 3+ emission in Eu 3+ /Tb 3+ @1 was enhanced, which is contrary to that in Eu 3+ @1. Figure 3c plots the dependence of I Tb /I Eu on temperature, which reveals a good linear relationship between I Tb /I Eu and temperature within the range of 10 to 60 °C. The linear relationship can be fitted as a function of equation (1) ). 9 Besides, the sensitivity of Eu 3+ /Tb 3+ @1 with reported results of other types of ratiometric optical nanothermometer (in which the ratiometric value showed a linear response to temperature) is compared in Table 2 . We note that the feed ratio of Tb 3+ and Eu 3+ has strong influence on the thermometric sensitivity of Eu 3+ /Tb 3+ @1 ( Figure S6 and S7). The sensitivity of Eu 3+ /Tb 3+ @1 can be further enhanced to 18.8% °C -1 by increasing the Tb 3+ /Eu 3+ feed ratio to 0.999/0.001. However, the precision will be reduced simultaneously because of the significant low Eu 3+ emission will result in a low signal to noise ratio ( Figure S7 ). In addition to the sensitivity, important metrics for evaluating ratiometric luminescent nanothermometers are accuracy and precision. The accuracy of Eu 3+ /Tb 3+ @1 probe depends on the correlation coefficient of the calibration curve (Figure 3c) . Reproducibility of the calibration curve is excellent due to the stability of Eu 3+ /Tb 3+ @1 nanoparticles, as illustrated in Figure  S8 and Figure S9 . The precision of this thermal probe is ±0.48 °C, a value limited by the error (0.024) of I Tb /I Eu determined from the data in Figure 3c . The reversibility of this nanothermometer was also examined by multiple-run reversibility experiments of the I Tb /I Eu responses of Eu 3+ /Tb 3+ @1 to temperature variation were performed ( Figure  S10 ). The data reveal that the changes of I Tb /I Eu are reversible in the temperature range of 10-60 °C and Eu 3+ /Tb 3+ @1 nanocrytals are photostable for the duration of the 3 cycles of heating and cooling.
The different temperature dependences of Eu 3+ and Tb 3+ emission have also been observed in the Eu 3+ /Tb 3+ mixed MOFs, 7,8a,8b,9,14 Figure S12 ) and Tb 3+ @1 ( Figure S3 ). Another indication provided from Figure 4 is that Eu 3+ /Tb 3+ @1 nanoparticles can also be developed as ratiometric optical thermometers when the excitation wavelength is fixed at 487 nm. The temperature (10-60 °C) can be related to I Tb /I Eu by a linear calibration curve with a slope of -3.69% ( Figure S13 ). This thermometric sensitivity is lower than that of Eu 3+ /Tb 3+ @1 when employing 312 nm excitation (4.97% °C -1 ). Nevertheless, 487 nm excitation is much less cytotoxic than 320 nm, thus is preferred in biotechnology. Figure S14, 15) .
11,16 Figure 5 and Figure S16 presents In summary, we have described an Ln 3+ post-functionalized MOF approach for the generation of ratiometric luminescent nanothermometers, as exemplified by insertion of Ln 3+ cations within 1 and its two isostructural MOFs (2 and 3) for nanothermometers. Compared with the existing mixed lanthanide MOF approach, this strategy can circumvent the great challenge of the rational design and synthesis of nanoscale mixed lanthanide MOFs. Therefore, it represents a facile yet versatile pathway and provides new opportunities for the existing MOFs to construct nanotermometers. Furthermore, the optical nanothermometers prepared via this Ln 3+ functionalized approach show significantly enhanced sensitivities in comparison with Tb 0.99 Eu 0.01 (BDC) 1.5 (H 2 O) 2 . We expect these nanosized thermometers with high sensitivity and self-referencing output will have potential use in nanotechnology and biomedicine.
